The early Paleogene is critical for understanding global biodiversity patterns in modern ecosystems. During this interval, Southern Hemisphere continents were largely characterized by isolation and faunal endemism following the breakup of Gondwana. Africa has been proposed as an important source area for the origin of several marine vertebrate groups but its Paleogene record is poorly sampled, especially from sub-Saharan Africa. To document the early Paleogene marine ecosystems of Central Africa, we revised the stratigraphic context of sedimentary deposits from three fossil-rich vertebrate localities: the Landana section in the Cabinda exclave (Angola), and the Manzadi and Bololo localities in western Democratic Republic of Congo. We provide more refined age constraints for these three localities based on invertebrate and vertebrate faunas, foraminiferal and dinoflagellate cyst assemblages, and carbon isotope records. We find an almost complete absence of Danian-aged rocks in the Landana section, contrary to prevailing interpretations over the last half a century (only the layer 1, at the base of the section, seems to be Danian). Refining the age of these Paleocene layers is crucial for analyzing fish evolution in a global framework, with implications for the early appearance of Scombridae (tunas and mackerels) and Tetraodontiformes (puffer fishes). The combination of vertebrate fossil records from Manzadi and Landana sections suggests important environmental changes around the K/Pg transition characterized by an important modification of the ichthyofauna. A small faunal shift may have occurred during the Selandian. More dramatic is the distinct decrease in overall richness that lasts from the Selandian to the Ypresian. The Lutetian of West Central Africa is characterized by the first appearance of numerous cartilaginous and bony fishes. Our analysis of the ichthyofauna moreover indicates two periods of faunal exchanges: one during the Paleocene, where Central Africa appears to have been a source for the European marine fauna, and another during the Eocene when Europe was the source of the Central Africa fauna. These data indicate that Central Africa has had connections with the Tethyian realm.
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Introduction
The Paleocene (66e56 Ma) is a key time period that follows the CretaceousePaleogene (KePg) mass extinction. During this period, major biotic turnovers occurred and many groups of modern vertebrates appeared and/or began to diversify. Such crucial episodes have been observed in terrestrial vertebrates including lizards and snakes (Longrich et al., 2012) , birds (Ericson et al., 2006) , and mammals (O'Leary et al., 2013) , and marine vertebrates including ray-finned fishes (Friedman, 2009; Friedman and Sallan, 2012; Sibert and Norris, 2015; Guinot and Cavin, 2016) , elasmobranchs (Kriwet and Benton, 2004; Noubhani, 2010; Guinot et al., 2012; Guinot and Cavin, 2016; Belben et al., 2017) , and crocodylomorphs (Puértolas-Pascual et al., 2016) . Among invertebrates, cephalopods reflect this extinction in the disappearance of ammonites (Landmann et al., 2015) ; bilvaves have also been affected by this mass extinction (Raup and Jablonski, 1993; Jablonski and Raup, 1995) . However, such dramatic patterns are not observed in all animal groups: in contrast to most other Mesozoic vertebrates, testudines were apparently little affected by the K/Pg extinction event (Lyson et al., 2011; Holroyd et al., 2014) .
Besides the radiation of modern groups of vertebrates and invertebrates, the Paleogene period (66e45 Ma) exhibits climatic fluctuations, although potential links between climate and vertebrate evolution are a matter of some debate (Zachos et al., 2001) . Several terrestrial taxa (e.g., mammals, reptiles) disappeared before or during the Paleocene Eocene Thermal Maximum (PETM, 56 Ma; Wing et al., 2005; Gingerich, 2006; Smith et al., 2006) , the warmest period of the last 65 million years. Although the PETM brought dramatic changes in terrestrial ecosystems, the signal observed in marine ecosystems is different. Concerning crocodylians, Mannion et al. (2015) found no evidence for transient biodiversity increases driven by the short-term PETM interval, although in Africa, Europe and North America, a small decrease of crocodyliform dyrosaurid diversity is apparent; notably tomistomines appear in the record, to the apparent detriment of the gavialoid crocodylians (Bardet et al., 2017) . Tomczik (2014) further noted that fish morphotypes change little through the PETM, with no evidence for an excursion biota during the warmest interval, suggesting that fish experienced fewer geographic range shifts than might be expected. Noubhani (2010) noted only few major elasmobranch disappearances during the early Ypresian in Morocco.
Although the early Paleogene holds an important key to understanding global vertebrate (and invertebrate) biodiversity patterns, the record is incomplete as most terrestrial vertebrate research has focused primarily in North America, Europe, and Asia. In the Southern Hemisphere, continents and their terrestrial faunas experienced isolation and endemism following the breakup of Gondwana, and the fossil record is relatively sparse. Therefore, Africa might represent a key piece of the Gondwanan puzzle for understanding past migrations and patterns of modern biodiversity. Indeed, African marine habitats have been proposed as a center of origin for several groups of aquatic vertebrates, including whale sharks (Rhincodontidae), devil rays (Mobulidae) and palaeophiid snakes (Rage and Wouters, 1979; Noubhani and Cappetta, 1997; Adnet et al., 2012) .
Fossil fishes from the African Paleogene have been described since the early 20th century (reviewed in Murray, 2000) , primarily from northern and western sites, including Morocco (Arambourg, 1952; Cappetta, 1981 Cappetta, , 1983 Noubhani and Cappetta, 1997) , Algeria and Tunisia (Priem, 1903; De Stefano, 1915; Mahboudi et al., 1984) , Egypt (Case and Cappetta, 1990; Underwood et al., 2011) , Mali (Longbottom, 1984) , Niger (White, 1934; Cappetta, 1972; Dikouma et al., 1994) , Nigeria (White, 1926 (White, , 1955 Stevens et al., 2011) , Togo (Stromer, 1910) , Cameroon (Jaekel, 1895 (Jaekel, , 1904 . In addition, Jubb and Gardiner (1975) reported teeth of several shark species from Paleogene deposits in South Africa, and Böhm (1926) described several elasmobranchs and actinopterygians from marine deposits in the diamond fields of Namibia. Yet the majority of fossiliferous localities document faunas that are stratigraphically limited, and therefore do not elucidate long-term faunal trends, nor the impact of climate change on faunal patterns. A phosphate series in Morocco represents the only exception: sections there record the first half of the Paleogene (Arambourg, 1952; Yans et al., 2014; Bardet et al., 2017) , documenting strong affinities with the SouthTethyian region.
In this context, the Paleogene fossiliferous localities of western central Africa (Angola and Congo) are critical for understanding Cenozoic African faunal dynamics. Numerous fossil localities were documented in this area during Belgian expeditions of the early 20th century. At least 47 fossil localities were excavated or analyzed in the framework of Edmond Dartevelle's paleontological expeditions in 1933 , gathering a large and unique collection of MesozoiceCenozoic vertebrates from the western margin of the Congo Basin, along the coastal area of Angola to Gabon (Dartevelle and Casier, 1943) . Most of these sections yielded shells and echinoids, and many preserved fish remains. Among them, the early Paleogene localities of Landana in the Cabinda exclave, and the Manzadi and Bololo sections in DR Congo ( Fig. 1) were particularly rich in vertebrate fossils with associated rock samples, providing sufficient stratigraphic context for age refinements using contemporary methodologies (e.g., Carbon isotopic research).
Because Landana appears to have recorded the first half of the Paleogene (Dartevelle and Casier, 1959) , it may represent a southern equivalent of the phosphate series of Morocco. Such context is critical for exploring the evolution and affinities of marine faunas (e.g., origination, migration) in different regions of Africa.
Here we present refined age constraint for the Landana, Mandazi and Bololo sections based on invertebrate and vertebrate fossils, foraminiferal assemblages, palynomorphs, and carbon isotope records (i.e., carbon isotope ratios of bulk organic matter). Taken together, these lines of evidence help to characterize the evolution of early Paleogene faunas of West Central Africa, and to explore their paleobiogeographic implications.
Geographical, geological, and paleontological context
The Landana section (Cabinda exclave, Angola) is located along the west coast of Africa within the marine Congo Basin, 2e3 km south of the Shiloango river mouth (Fig. 1) . The Congo Basin is one of several NeS oriented basins of the WesteCentral Coastal Province, whose development is related to Atlantic post-rift dynamics (Late CretaceouseHolocene) (Brownfield and Charpentier, 2006; Brownfield, 2016) .
The Landana section was reported for the first time by PechuelLoesche (1876), and the fossil content of the material that he collected was briefly described by Lenz (1877 Lenz ( , 1878 . Around the same time, a general lithological description was made by Freire d'Andrade in 1877 (Choffat, 1905) , followed by a much more detailed log by Diderrich, containing lithological and paleontological information (Cornet, 1906) . In 1913, Bequaert conducted a short expedition to Landana to collect fish, crocodilian, and turtle fossils (Bequaert, 1923) . He provided an updated description of the Landana section, differentiating between ancient and recent sediments, measuring strike-dip and lateral lithological modifications, and describing recent erosional patterns. In the earliest detailed paleontological studies of the Landana section, the main part of the sequence was assigned to the Paleocene (layers 1e29; Dollo, 1912; Leriche, 1913; Dollo, 1914; Bequaert, 1923) , with only the upper part of the section (layers 30e31) attributed to the middle-late Eocene (Dartevelle, 1952) . Overlying sediments (not studied here) were interpreted as Miocene (or younger) sediments composed of reworked Eocene material. The sedimentology is here updated based on Dartevelle's; this will be described in detail in a forthcoming article.
The Manzadi and Bololo localities and sections, described and sampled by Dartevelle in 1933 (Dartevelle and Casier, 1943, p. 26e32) , are located w80 km southeast of the Landana section, in the Kongo Central Province of the DR Congo (Fig. 1) . Based on fossils, lower layers of Manzadi have been interpreted as Maastrichtian in age, and upper layers have been interpreted as Danian (Dartevelle and Casier, 1959, p. 386e389, p. 412 ; see also Piérard, 1956) , whereas the Bololo localities have been interpreted as Miocene sediments composed of reworked Eocene material (Dartevelle and Casier, 1959, p. 401e402) .
Material and methods

Stratigraphic sections and rock samples
The lithological sequence of the Landana section has been subdivided into 32 sedimentary layers ("couches" in Dartevelle and Casier, 1943) (Fig. 2) . Sedimentological material used for chemostratigraphy and biostratigraphy in this study represents part of the original sample set collected during Dartevelle's 1933 and 1937e1938 expeditions (see Dartevelle, 1935 . The 32 successive lithostratigraphical units that are considered here are those defined by Dartevelle for the Landada section (Dartevelle and Casier, 1943, p. 54e62) , corresponding to intervals recognized by Bequaert (1923) (layers 1e24) but extended by Dartevelle to cover upper parts of the sequence (layers 25e32).
Rock samples and fossils were cataloged and stored as part of the geological and paleontological collections of the Royal Museum for Central Africa (RMCA) at Tervuren, Belgium. For some layers, several specimens are available, but no information about sampling levels within the layers is contained in the notebooks and other documents by Dartevelle that belong to the RMCA archives. The samples were therefore considered to represent the middle of each layer. This implies that isotopic trend interpretations must be made with caution, especially for thick layers (e.g., layer 26; w4 m thick) and for layers represented by several samples (e.g., layer 26; 3 samples).
The lithological sequences of the Manzadi and Bololo localities are composed of different smaller sections ("Point" in Dartevelle and Casier, 1943) : Points IV and VI for Manzadi; Points I, II, III and IV for Bololo (only Points I and IV are discussed in the present paper). Further field exploration was conducted in September 2014, allowing additional sampling at Manzadi and Bololo. Dartevelle and Casier (1943) , although sedimentology is updated in the present study.
Bulk organic carbon isotopes
Carbon isotope ratios of bulk organic matter (Dispersed Organic Carbon [DOC] or Particulate Organic Carbon [POC]) were measured for 53 samples (including replicas) spanning w27 m of the succession in the Landana section according to the procedure used by Yans et al. (2010) , Storme et al. (2012) and Noiret et al. (2016) . Samples were prepared at the University of Namur (Belgium) and isotope measurements were performed at the Friedrich-Alexander University at Erlangen (Germany). Bulk sediment samples of about 40 g each were first dried and then cleaned, removing surface oxidation to exclude potential sources of degraded organic matter. Samples were powdered and treated with HCl 25% for 2 h to remove all carbonates. Soluble salts were removed by repetitive centrifuging (4000 rpm) until the neutral solution was obtained. Finally, the residue was dried at w35 C and powdered again in an agate mortar. Aliquot of decarbonated powder was measured with a standard LECO carbon analyzer (CS-200) to determine total organic carbon (TOC). Each sample was weighed into tin capsules and rolled into balls for continuous flow combustion and isotopic analysis using a Carlo Erba EA1110 elemental analyzer coupled to a mass spectrometer (Thermo Finnigan Delta Plus XP). Analyses were performed combusting the samples at 1025 C. Measured isotopic compositions were calibrated with the inter-laboratory international standards USGS40. Organic d
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C values are normalized to the international PDB standard (VPDB, Vienna Peedee Belemnite). Precision of analyses is within 0.07& (1s).
Planktonic foraminifera
The planktonic foraminifera biozonation from the Landana section published by Lys et al. (1979) followed Berggren (1969) 's zonal definition. Enhanced with new observations and data collection, the stratigraphic scheme of Landana (Lys et al., 1979 ) is updated here according to Berggren et al. (1995) , Berggren and Pearson (2005) tropical to subtropical paleogene zonations and bioevents (compiled in Wade et al., 2011; Anthonissen and Ogg, 2012) .
In the Royal Museum of Central Africa (Tervuren, Belgium), two series of collection slides are dedicated to Landana: one main collection with calcareous microfossils from almost all layers (Dartevelle collection numbers: 5317, 5319, 5321 to 5324, 5326 to 5327, 5329, 5331 to 5335, 5340, 5343, 5345 to 5350, 5353 to 5355, 5357 to 5360, 5370, 5373, 5379 and RG collections numbers: 16, 301 to 16, 314, 16, 316 to 16, 320, 16, 322 to 16, 325, 16, 327 to 16, 340, 16, 391, 16, 393, 16, 394 ) and a collection of Max Meijer with slides containing identified species (Dartevelle collection numbers: 5323, 5332, 5359, 5366, 5369) .
All the figured specimens of Lys et al. (1979) have been stored in the Muséum National d'Histoire Naturelle (MNHN, Paris, France) since they have been photographed (Lys collection numbers: ML105 to ML116). The MNHN collections also house pieces of sediments and washed sediment residues.
The 38 slides of the main collection have been reinvestigated. They contain diverse calcareous microfossils (ostracods, benthic and planktonic foraminifera). Almost all layers are represented in this historical material except layers 20, 28, 29, 30 and 31. From one to three collection slides exist per layer; different collection slides from the same layer are assumed to represent different levels within a layer without certainty about their relative stratigraphic positions within that layer. Lys et al. (1979) did not specify collection methodology hence it is not possible to ascertain whether collection slides correspond to all calcareous microfossils in each washed sediment sample or simply random picking of the microfossil content. Moreover, as Maurice Lys, Max Meijer and Georgette Glaçon who co-authored the paper of Lys et al. (1979) , worked on these samples over more than two decades, it is unclear whether collection slides have been updated or changed over time.
Due to some discrepancies between slide content and the distribution Lys et al. (1979) , new preparations were made for those samples from the Dartevelle expedition that remained available. Using standard methods, sediments were soaked in a peroxide solution and subsequently washed over 63 mm and 1 mm sieves. The planktonic foraminifera have been extracted and identified from this fraction (63 mme1 mm).
Palynological methodology
Twenty-three samples from the Manzadi and Bololo sections (11 samples collected during Dartevelle's expedition in 1933 and 12 samples collected during the expedition in 2014) were analyzed and processed at the palynology lab of the department of Geology, Ghent University (Belgium). The samples were prepared using standard maceration techniques as described by Wood et al. (1996) . After cleaning and oven-drying about 50 g of sediment was processed. Carbonates and silicates were removed by the addition of hydrochloric acid (2N) and warm hydrofluoric acid (40%), respectively. The remaining organic residues were subsequently placed in an ultrasonic bath for about 30 s and sieved on a nylon screen with a 10 mm mesh size. The organic fraction >10 mm was then mounted on microscope slides using liquid glycerol gelatin and later covered with a coverslip and sealed with transparent nail polish. The microscope slides were systematically scanned in non-overlapping traverses using a Zeiss Axioskop A2 transmitted light microscope with a magnification of up to 1000Â and equipped with a Zeiss Axiocam MRc5 camera.
It is worth noting that the samples from the Landana section were palynologically analyzed as well. The results of this extensive study, notably the dinoflagellates, will be formally described and presented in a subsequent paper.
3.5. Sources used for the analysis of the evolution of the invertebrates and vertebrates Biostratigraphic distributions used for the present research represent a compilation of data from the existing literature available for the Landana, Manzadi and Bololo sections. These data concern both vertebrates and invertebrates. We updated the systematics of the fossils found in these sections, especially that of the elasmobranchs.
We assembled this compilation to expand upon work by previous authors that focused only on specific groups. Until now, a global analysis of the invertebrate and vertebrate faunas of these sections was lacking.
Invertebrate data were examined for patterns in bivalves (Vincent et al., 1913; Freneix, 1979) , echinoids (Dartevelle, 1952 (Dartevelle, , 1953 , and cephalopods (Vincent et al., 1913; Miller, 1951) . Gastropods, including those studied by Vincent et al. (1913) , are not considered in the present paper due to uncertain stratigraphic distribution. Vertebrate data were examined for elasmobranchs and actinopterygians (Leriche, 1913; Dartevelle and Casier, 1943 , 1949 Casier, 1960; Taverne, 2009 Taverne, , 2017 , for crocodyliforms (Dollo, 1914; Swinton, 1950; Jouve and Schwarz, 2004) , for squamates (Antunes, 1964) , and for testudines (Dollo, 1912 (Dollo, , 1914 (Dollo, , 1924 Wood, 1973; Myers et al., 2017) .
The number of taxa considered for each group is presented in Table 1 . Faunal lists are available in Supplementary materials 1e3. 
Results
Carbon isotopes on organics
Planktonic foraminifera assemblage of the Landana section
Planktonic foraminifera are scarce or absent in the lower part of the section. They become common from the layer 7 (Fig. 3) . Within layers 1e11, foraminiferal assemblages remain species-poor and mainly composed of the small globular species Parasubbotina pseudobulloides (Plummer, 1927) , Subbotina triloculinoides (refer to Figs. 4e16 in Plummer, 1927) and broken specimens of Praemurica inconstans (Subbotina, 1953) .
According to the stratigraphic distribution Lys et al. (1979) , morozovellids first appear in layer 12c (Fig. 3) . However, we observed two small specimens of Morozovella angulata (White, 1928) in layer 2 in a slide from the main collection. Surprisingly, the slides from the same level in the Max Meijer's collection also present several specimens and different species of morozovellids. New residue analyses confirm the abundant presence of M. angulata and Morozovella aequa (Cushman and Renz, 1942) in layer 2 (Fig. 3) . The index species Igorina albeari (refer to Figs. 4e11 in Cushman and Bermudez, 1949) was discovered indicating that layer 2 belongs to the I. albeari lowest-occurrence Subzone P3b, contrary to the biostratigraphic scheme of Lys et al. (1979) . First occurence of M. aequa is frequently included in Acarinina subsphaerica partial range Subzone P4b (Berggren et al., 1995; Wade et al., 2011; Anthonissen and Ogg, 2012) . But, M. aequa has low latitudinal preferences (Arenillas, 2012) : for instance, in Spanish sections of Caravaca and Zumaia, Arenillas (2012) indicates scarce occurrences of M. aequa in M. angulata Lowest-occurrence Zone P3. It makes sense that this species has appeared earlier in Landana. An ambiguity is that one slide from the main collection contains a single specimen of Globoconusa daubjergensis (refer to Figs. 4e19 in Bronnimann, 1953) , not reported in the distribution table of Lys et al. (1979) , a taxon that is not expected to occur beyond the Globanomalina compressa (Plummer, 1927)/P. inconstans Lowest-occurrence Subzone P1c. This species was not identified in the newly washed sediments from layer 2. Thus, the specimen from the slide might correspond to contamination or to a rare reworked specimen. In subsequent layers (layers 5 and 7), Lys et al. (1979) have recovered G. daubjergensis. But in Meijer's slide from layer 7, the specimens identified as G. daubjergensis are unambiguously Parvularugoglobigerina alabamensis (refer to Figs. 4e18 in Liu and Olsson, 1992) , a taxon that occurred up to the I. albeari lowestoccurrence biozone Subzone P3b. The wall structure is a distinctive character distinguishing the two species; G. daubjergensis presents a microperforate wall structure with an outer surface covered by abundant small pustules whereas P. alabamensis exhibits some pore-mounds. In addition, Lys et al. (1979) recognized G. compressa in layer 5 (Fig. 3) ; this specimen is not figured in Lys et al. (1979) and was not found in the material collection. In layer 7, G. compressa specimens were isolated in Meijer's slide but not reported in the distribution table of Lys et al. (1979) . Nonetheless, the occurrences indicate that layer 7 is still included in the zone P3. Morozovella was absent between layers 2 and 12 in both Lys et al. (1979) and the present reinvestigation, perhaps indicating unfavorable conditions for the genus during that interval. Precise stratigraphic constraint for layer 1 remains elusive, but it likely falls between the G. compressa/P. inconstans Lowest-occurrence Subzone P1c and the Subzone P3b. Layers 12 and 13 show a major change with a strong increase in planktonic foraminiferal abundance and richness. Morozovellids prevail in layer 12. Lys et al. (1979) recorded Morozovella acuta (Toulmin, 1941) and M. angulata (Fig. 3 ) in layer 12c, but curiously the collection slides do not contain any of these keeled species. The figured specimen of M. acuta (Lys et al., 1979: plate III; Fig. 5 ) is poorly preserved and captured only in lateral view, hence, the identification remains difficult to validate. Although absent in their distribution table, Lys et al. (1979) figured a spiral side of M. aequa in layer 12c (Lys et al., 1979; plate III, Fig. 8 ). Presence of morozovellids in layer 12 was confirmed through analysis of additional sample preparations. Three levels of layer 12 were washed (lower part ¼ C12i-28272; middle part ¼ C12c-28184 and C12m-28271; upper part ¼ C12s-28269) from which only the lower part of the layer preserved planktic foraminifera including M. aequa, M. angulata, Morozovella apanthesma (refer to Figs. 4e12 in Loeblich and Tappan, 1957) and Morozovella quetra (Bolli, 1957) . The presence of M. acuta e recorded by Lys et al. (1979) e suggests that layer 12 might already belong to the Globanomalina pseudomenardii (Bolli, 1957) Taxon-range zone P4 but M. acuta was not identified in new residues. One of us (DD) found the figured specimen described as M. acuta by Lys et al. (1979: plate III) in the MNHN collection; it has been reexamined (Figs. 4e7). New observations suggest that this specimen, not bounded by a thick flange (Figs. 4e9) and having strongly recurved sutures on the spiral side likely belongs to M. angulata; layer 12 can still be assigned to the I. albeari lowestoccurrence biozone Subzone P3b. In the next layer (layer 13), M. angulata and M. aequa are common in both the historical slides and in newly washed sediments and are associated with Acarinina nitida (Martin, 1943) indicating that layer 13 should already belong to the Zone P4.
In younger layers, index forms remain scarce. Lys et al. (1979) have indicated occurrences of G. pseudomenardii in layer 17 (Fig. 3) . Hence, this layer is interpreted as no younger than the P4c/ P5 (Acarinina soldadoensis (Brönnimann, 1952)/G. pseudomenardii Concurrent-range Subzone P4c/Morozovella velascoensis (Cushman, 1925) Partial-range Zone P5) transition (Berggren et al., 1995; Wade et al., 2011) . The interval bracketed by layers 13 and 17 would be included in Zone P4. With the presence of Morozovella subbotinae (Morozova, 1939) (Lys et al., 1979) , layer 18 should be no older than Figure 3 . Planktonic foraminifera assemblages of the Landana section. Grey and black dots respectively indicate identifications from Lys et al. (1979) and from this study (new washed sediments and Lys and Meijer collection slide). White dots correspond to misidentified forms. the P4c (Berggren et al., 1995; Wade et al., 2011; Anthonissen and Ogg, 2012) . Layer 19 preserves first occurrences of Planorotalites pseudoscitula (Glaessner, 1937) (Figs. 3 and 4), having earliest occurrences in the M. velascoensis Partial-range Zone P5 (Pearson et al., 2006) . The occurrence of Pseudohastingerina wilcoxensis (Cushman and Ponton, 1932) (Figs. 4-2) in layer 25 indicates the base of the P. wilcoxensis/M. velascoensis Concurrent-range Zone E2 (Berggren and Pearson, 2005) . Therefore, layers 19e24 (Fig. 3 ) belong to the P5/E1 interval (Zone P5/Acarinina sibaiyaensis El Naggar, 1966 Lowest-occurrence Zone E1).
Layer 27 is the last reinvestigated layer. It contains rare planktonic foraminifera. Among them, M. acuta has been identified, suggesting that the layer belongs to the Zone E2 (Fig. 3) . Lys et al. (1979) recorded Acarinina wilcoxensis (Cushman and Ponton, 1932) and M. aequa in layer 28. Lys et al. (1979) suggested that the layer has been reworked. Pending further evidence, we interpret layer 28 as still Ypresian in age (Fig. 3) .
Finally, comparing the distribution table of Lys et al. (1979) and the present revision, it appears that the planktonic richness of the Landana section has been largely underestimated (Fig. 3 ). Since most of the previous work was performed between the 50s and the 80s, such a discrepancy may relate to methodological differences as the use of scanning electron microscopy become more common beginning in the 80s.
Palynomorphs of the Bololo and Manzadi sections
An overview of the organic-walled palynomorphs recovered from the Bololo and Manzadi samples is depicted in Table 3 .
Recovery was generally poor with low overall abundances and very low diversity among dinoflagellate cysts, acritarchs, pollen and spores. Fungal spores make up an important part of the assemblages, but these most likely represent modern contaminations. The Bololo samples contained three identifiable dinoflagellate cyst specimens: 1 specimen of Glaphyrocycsta sp. A and 2 specimens of Muratodinium? sp. A (Fig. 5 ). All three specimens are relatively fragmentary. In-situ specimens of Glaphyrocysta sp. A and Muratodinium? sp. A were also recorded from layer 28 in the Landana section (unpublished data). Some fragmentary, potentially reworked, specimens were recorded in layer 29.
No dinoflagellate cyst specimens were recovered from samples collected at Manzadi in 2014.
Invertebrates
Echinoidea
Layer 11 preserves one Spatangoïdes (heart urchin) ( Fig. 6 ) (Dartevelle, 1952) . The assemblage preserved in layers 30 and 31 of the section is more diverse: indeed, six taxa are recognized (Fig. 6 ) e none of them is similar to the Spatangoïdes known from layer 11.
No echinoids were recovered in Manzadi area, and only Schizaster douvillei is recorded from Bololo but without precise locality information (Dartevelle, 1952 (Dartevelle, , 1953 .
Bivalvia
Following Freneix (1979) , three distinct faunas can be established for Landana section. The first fauna (eight taxa; Fig. 6 ) e Ostrea (Cymbulostrea) dartevellei e was itself separated by Freneix (1979) into two slightly different assemblages, ranging respectively from layers 2 to 5, and from layers 6 to 11. The second fauna (three taxa; Fig. 6 ) Pycnodonte (Eupycnodonte) eovicenti assemblage e ranges from layers 14e28. The third fauna e Pycnodonte (Eupycnodonte) eovicenti e is typical of layers 29, 30 and 31 (six taxa; Fig. 6 ).
Two species at Bololo e Pycnodonte (Epycnodonte) cf. vincenti (Point IV) and Cubitostrea plicata congica (Points I and IV) e are present in layers 29e31 of the Landana section.
Bivalves from Manzadi (Point IV) have been well described and discussed in Dartevelle and Brebion (1956) , Freneix (1957), and Freneix (1959) and are not extensively discussed here as they derive from Maastrichtian sediments.
Cephalopoda
In Landana, four cephalopods have been identified (Vincent et al., 1913; Miller, 1951) . Two distinct assemblages can be recognized: the first one, which includes the cephalopods Hercoglossa didderichi and Cimomia landanensis, ranges of layers 3e6 (Fig. 6) ; the second one, which includes Deltoidonautilus caheni and Eutrephoceras dartevellei, ranges from layer 26 to layer 31 (Fig. 6 ). E. dartevellei is a nautilid, whereas the other three species belong to the hercoglossid subfamily.
Cephalopods are unknown from Manzadi and Bololo sections.
4.5. Vertebrates 4.5.1. Elasmobranchii Elasmobranchs are the most diverse vertebrates in the Landana, Manzadi, and Bololo sections. Several species have a short stratigraphic distribution. Therefore, this appears to be among the best vertebrate groups for examining biostratigraphy and correlation across Paleogene localities in western Central Africa.
The oldest assemblage recognized in the Landana section ranges from layer 1 to layer 18 (Fig. 7) . This assemblage is characterized by typical Paleocene species, and by the presence of the torpediniform Eotorpedo. This assemblage can be divided in two groups: (1) a fauna that shows a high richness (layers 1e12); (2) a less diverse fauna (layers 13e18). Maximum richness is reached in layer 12c: 17 species are known for this particular layer ["couche à coprolithes" sensu Bequaert, 1920 (Dartevelle and Casier, 1943) ]. Interestingly, five of the 17 elasmobranch species have been only discovered in layer 12c.
Layers 19e24 also preserve very few taxa: only four (Fig. 7) . Among them, three species are recorded in the previous layers e however, the validity of the long-living taxon ?Carcharias substriatus remains questionable (Cappetta et al., 2006) . The only new occurence is mitsukurinid Striatolamia striata; it first occurs in layer 24.
Layers 25e28 preserve nine taxa, but only five are recorded in overlying layers. Two species are first recorded in the layer 28 (Fig. 7) .
The latest assemblage recognized herin begins in layer 29 (Fig. 7) . It is characterized by the first occurrence of 22 new species, along with the disappearance of taxa known since the base of the section (Myliobatis sulcidens, ?C. substriatus, Odontaspis speyeri) and also since layer 24 (S. striata).
Notably, the identification of several specimens may need to be revised (e.g., ?C. substriatus), as their stratigraphic distribution is unusual (e.g., Myliobatis dixoni, Eotorpedo hilgendorfi, and Ginglymostoma subafricanum in Selandian layers; Myliobatis cf. toliapicus in Paleocene layers; Otodus obliquus, Abdounia beaugei, and Myliobatis cf. toliapicus in Lutetian layers), but this is beyond the scope of the present paper. If these determinations are correct, they will extend the stratigraphic record of numerous elasmobranchs.
The elasmobranch fauna of the upper layers of Manzadi shares only few species with that of Landana such as Cretolamna appendiculata, O. speyeri, and Myliobatis n'zadinensis. Moreover, the Carcharhiniformes (very abundant in Landana) and Torpediniformes (present but only represented by one species in Landana) are missing in Manzadi.
The elasmobranch fauna of Bololo is more similar to that of the Landana section, with 10 species shared. Except M. dixoni and Otodus obliquus, all the shared species are known only from layers 30 and 31 (Lutetian layers). Notably, Orectolobiformes and Torpediniformes are absent in Bololo; however, these two orders are poorly represented in Landana. Bololo also differs in preserving two elasmobranch families unknown in Landana: Alopiidae (thresher sharks) and Hemigaleidae (weasel sharks) e but this is not a reflection of differences in facies.
Actinopterygii
The actinopterygians are also good biostratigraphic markers because of their short temporal ranges and high species richness (Fig. 7) .
Layers 1e6 in the Landana section display the highest richness (7 taxa) recorded in the Paleocene part of the section (Fig. 7) . Two taxa of this fauna are recorded in layers 7e11 (Fig. 7) ; one taxon, Sphyraenodus multidentatus, occurs only in layer 8. Only one taxon (Pycnodus praecursor) known from layer 1 to layer 6 is represented in layer 12c, while four new taxa are known in layer 12c; these data could suggest either a faunal shift or a shift in environment at this time (i.e., between layers 5 and 6, and between layer 12 and layer 12c) (Fig. 7) . Among the new taxa recorded in layer 12c, only Eotrigonodon jonesi and Cybium angustidens are known in younger layers, respectively in layers 18 and 26. The upper part of the section (layers 29e31) illustrates the maximum richness of actinopterygians with 10 new species recognized (Fig. 7) .
The fauna of Manzadi Point IV can be distinguished from that of Landana in preserving Alepisauriformes and Elopiformes, and by the absence of Perciformes, Osteoglossiformes and Siluriformes e well-known groups in Landana. The two faunas share the presence of Anguilliformes and Tetraodontiformes. The fauna of Bololo resembles that of Landana: except for the trichiurid Lepidopus castellobrancoi, all other Bololo actinopterygians are recorded in the Landana section.
Squamates
Snake vertebrae from layers 31 and 32 (Lutetian) of Landana section have been identified as Palaeophis aff. typhaeus (Antunes, 1964) (Fig. 7) . Interestingly, the species Palaeophis typhaeus is a typical component of the European Lutetian costal marine fauna that has been included by Rage et al. (2003) in the 'advanced' Palaeophis group based on the lateral compression of the vertebrae indicating a strong adaptation for an aquatic life. The massively built square shaped vertebrae from Landana more closely resemble those of Palaeophis maghrebianus from the Ypresian of Morocco (Arambourg, 1952; Houssaye et al., 2013) and P. vastaniensis from the Ypresian of India (Rage et al., 2008; Smith et al., 2016) . These are both characterized by less compressed vertebrae than the condition observed in P. typhaeus. This morphological difference alters interpretations of the Landana species. A thorough description of the latter has recently been presented in comparison to the numerous other Palaeophis species . Snake remains are unknown in Manzadi and Bololo sections.
Testudines
The bothremydid (side-necked) turtle Taphrosphys congolensis e originally referred to Bantuchelys and Podocnemis by Dollo (1912 Dollo ( , 1914 Dollo ( , 1924 ) exhibits a broad stratigraphic distribution: it ranges from layer 2 to layer 16 according to Dollo (1924) (Fig. 7) . Wood (1973) indicated that this turtle ranges up to layer 18, nevertheless this information is not supported by the catalog of the RMCA. Wood (1973) hypothesized the presence of a possible toxochelyid based on a partial carapace and a mandible found in layers 4 and 12, respectively. Gaffney et al. (2006) suggested that the lower jaw (layer 12) actually belongs to T. congolensis. Recently, Myers et al. (2017) described a cheloniid skull discovered in Landana in 2012. They erected a new durophagous pan-cheloniid species Cabindachelys landanensis, to which they refer the partial carapace described by Wood (1973) . This allows to consider that this species is at least present in layer 4. Myers et al. (2017) also described a turtle humerus collected differing from humeri of chelonioids and Taphrosphys, thus indicating the presence of a third turtle taxon at Landana. Its stratigraphic position is uncertain regarding the layer designation defined by Dartevelle and Casier (1943) , but it probably came from the base of the section (zlayers 4e8; Selandian).
Turtle remains are as yet unknown or undescribed in Manzadi and Bololo sections.
Crocodyliformes
The only crocodyliform ever described from the Paleogene of western central Africa is the dyrosaurid Congosaurus bequaerti from the Landana section (Fig. 7) . It is represented by numerous specimens including an almost complete skeleton (Dollo, 1912; Swinton, 1950; Jouve and Schwarz, 2004) . Several unidentified isolated remains of crocodyliforms are present along the Landana section but the occurrence of C. bequaerti is confirmed only in layer 8 (Selandian). Crocodyliform remains are unknown in Manzadi and Bololo sections.
Discussion
Integrated bio-chemostratigraphy of the Landana section: new age calibration of the Landana section
Interpretations of the isotopic record magnitude and long-term profile can be biased by major modifications in sedimentation rates. Therefore, the consistent updated planktonic biostratigraphy of the Dartevelle (1952 Dartevelle ( , 1953 did not provide precise information concerning the stratigraphic distribution of the echinoids he found, hence data presented here are based on the RMCA catalog. (Fig. 8) highlights some fractioned part of the well-known secular d 13 C patterns during the Paleocene and early Eocene interval, as previously reported for many years in "high-resolution" records (e.g., Stott et al., 1996; Zachos et al., 2001; Giusberti et al., 2007; Galeotti et al., 2010; Zachos et al., 2010; Westerhold et al., 2011; Coccioni et al., 2012; Vandenberghe et al., 2012; Galeotti et al., 2017 values would be subjected to a lower position in the isotopic record as highlighted in the standard isotopic curve (Fig. 8) .
The bottom part of the Landana section (layers 2e12c) reveals a foraminiferal assemblage of the P3b Zone, that corresponds to the early Selandian (Schmitz et al., 2011) . Although isotopic value fluctuations of w2& between layers 2 and 9, the d Collectively, layers 2e12c record several endemic elasmobranchs (e.g., Myliobatis intermedius, Anomotodon landanensis), limiting their use for lateral correlations. These layers include several elasmobranchs usually recorded in Danian African faunas: (Vandenberghe et al., 2012) and with the calcareous nannofossil and planktonic sub-tropical zones (this study).
the ginglymostomatid G. subafricanum, triakid Galeorhinus parvulus, and the myliobatid Myliobatis n'zadinensis; G. subafricanum is notably recorded only in the Danian of the phosphates of Morocco (Arambourg, 1952; Noubhani and Cappetta, 1997) . Other species in layers 2e12c are generally recorded throughout the Paleocene in Africa (e.g., Delpitoscyllium africanum, Palaeocharcharodon orientalis). Few taxa are even recorded in Ypresian (e.g., C. appendiculata, Otodus obliquus, M. sulcidens). More generally, most vertebrates recorded in layers 2e12c are generally characteristic of Paleocene faunas and do not specify a precise age for these layers, with the exception of the three elasmobranchs more typical of Danian faunas (see above). It is thus difficult to infer a Selandian age based only on the vertebrate fauna.
Layers 13e16 show a different planktonic assemblage than the interval between layers 2 and 12c and can be referred to the P4 Zone spanning w2.5 Ma from the middle Selandian to the middle Thanetian. The standard isotopic record for this interval is characterized by a gradual long-term shift toward lighter d 13 C values. Isotopic data for this interval struggle to highlight a strong correlation with standard isotopic records. Nevertheless, the light d 13 C org values of the layers 14 and 15 (À29.3& and À29.4&) are followed up by heavier value (layer 16, e28.0&) and are thus probably linked to the very late Selandianeearly Thanetian. As a consequence, despite the long duration of the P4 Zone and the lack of samples for this time interval, we tentatively correlate these layers to the middle P4b (¼late Selandianeearly Thanetian) (Fig. 8) . The vertebrate and invertebrate faunas fossilized in layers 13e16 do not provide conclusive evidence to support or refute either a Selandian or a Thanetian age inferred based on the foraminiferal assemblages.
Based on the foraminiferal assemblages, layers 17e18 are enclosed within the P4c/P5 Zone (middle-latest Thanetian). The long-term negative d 13 C trend ( Fig. 8 ; Vandenberghe et al., 2012) beginning in the middle Thanetian (wchron C25n; P4b/P4c zones) up to the isotopic minimum values of the early-middle Ypresian (wC24n; E4 biozone; Fig. 8 ) directly follows the isotopic positive trend of the Selandian/early Thanetian (layers 14e16 in the Landana section) (Fig. 8) .
Between layers 19 and 24, the d 13 C org record shifts towards lighter values (À27.0& to À28.9&) (Fig. 8) . The foraminiferal assemblages indicate P5 or E1 Zone (Paleocene/Eocene transition). The PaleoceneeEocene isotopic event (PETM-CIE) characterizing the stage boundary is not observed in the succession of Landana. Two hypotheses can be proposed to explain this: (1) the PETM-CIE could be recorded in the sediments between layers 19 and 24 or above, but sampling resolution is inadequate to observe it; (2) the PETM-CIE is not recorded in the section and occurs within multiple hiatuses between layers 19 and 24 or above. The second hypothesis is more likely because (1) the Landana section exhibits multiple extended hiatuses and (2) the probability of recording such a brief event (w200 ka; e.g., McInerney and Wing, 2011) in an extended section is very small. Consequently, the rapid isotopic shift between layers 19 and 24 corresponds to the negative long-term isotopic trend initiated in the middle Thanetian close to the C25r/C25n chron reversal (e.g., Schmitz et al., 2011) and not to the PETM-CIE.
Ichthyofauna does not constrain definitive dating for the layers 19e24, hence this fauna offers no greater refinement from ages inferred using foraminiferal assemblages (P5 to E1 Zone; zPaleocene/Eocene transition; Fig. 3) .
Foraminiferal assemblages between layers 25 and 28 indicate the E2 Zone, attributed to the post-CIE recovery and just at the initiation of the standard long-term d
C negative trend that peaks
to minimum values in the earlyemiddle Ypresian (Fig. 8) . Layer 26 has three distinct samples (LAND28287, LAND28288 and LAND28290) with three d 13 C org respective average values of À29.1&, À27.4& and À26.6& ( Fig. 8; Table 2 ). No indication of the respective stratigraphic position of the samples within layer 26 were recorded by Dartevelle during his sampling. Freneix (1979) , in her study on bivalves from the Landana section, described the anomalous presence of a unique valve of Plicatula (Darteplicatula) polymorpha Bellardi in layer 26. She formulated the hypothesis that this specimen was secondarily deposited in layer 26; it could have come, due to erosion, from deposits higher in the geological section. As previously suggested by Dartevelle and Casier (1943, p.59 The elasmobranch fauna of layers 25e28 corresponds to a mix between taxa recorded from the Paleocene and Ypresian (e.g., S. striata, Otodus obliquus, M. sulcidens) and taxa generally first recorded in the Ypresian (e.g., Striatolamia macrota, Myliobatis striatus) (Fig. 8) . Therefore, the elasmobranch fauna agrees well with the updated planktonic biostratigraphy (i.e., biozone E2; Fig. 3 ). Dartevelle and Casier (1959) hypothesized that the fauna in layer 29 was most congruent with layers 27 and 28, not with layers 30 and 31. We interpret the bivalve fauna first recorded in layer 29 (Freneix, 1979) to reflect a profound modification in the aquatic fauna, suggesting that layers 29, 30 and 31 represent a common temporal block. The three uppermost layers of the Landana section studied here (layers 29e31) are clearly distinctive from a sedimentological perspective, relative to the rest of the section (Fig. 8) . No foraminifers were found in layer 29 (bioclastic mudstone) nor in layers 30 and 31 (indurated dolomicrosparite) (Fig. 3) . Isotopic data (three samples) are insufficient to yield a consistent isotopic trend. The record of the odontaspidid "Carcharias" koerti (layer 31; Fig. 7 ), known only from Lutetian, including in phosphates of Morocco, supports a Lutetian age for this part of the section. Moreover, the presence of endemic carcharhinids Carcharhinus amekiensis and Moroccan Carcharhinus marçaisi also agrees with this hypothesis, considering that first representatives of Carcharhinus are currently dated to Lutetian (e.g. Kriwet, 2005; Cappetta, 2012) . Consequently, a Lutetian age for these peculiar layers is supported by the ichthyofauna. Moreover, the bivalve assemblage recorded in these layers suggests a Lutetian age (Freneix, 1979) . Therefore, we hypothesize an important hiatus (w7e14 Ma?) in the section between layers 28 and 29. If true, almost the entire Ypresian stage is likely missing from the Landana section.
As a consequence of the new analyses, the fossil record of the Landana section appears to be more fragmented than predicted and spans a very long time interval, estimated at w14e20 Ma (SelandianeLutetian), including six hiatuses (Fig. 8) . The possible depositional hiatuses occurred between layers 1 and 2, layers 12c and 13, layers 16 and 17, layers 18 and 19, layers 24 and 25, and layers 28 and 29 (Fig. 8) . It is worth keeping in mind that we interpreted only several spot samples. Moreover, we have no idea precisely where in the layer the analyzed samples come from. Therefore, we have no clue if the analyzed samples are representative for the entirety of the layer. As a consequence, there is a chance that the missing time periods are simply contained in the un-sampled portions.
The new results presented here, as with those provided by Lys et al. (1979) , significantly differ from the preliminary ages proposed by Dartevelle and Casier (1959) in that the importance of the early Paleocene in the section (hypothesized as extending from layer 1 to layer 26) appears to have been overestimated in those earlier interpretations ( Fig. 3; Table 4 ).
Moreover, as previously mentioned, the foraminiferal assemblages suggest that layers 2e12c correspond to the Selandian rather than exclusively to the Danian (Figs. 3 and 6 ) e this result partially agrees with that of Lys et al. (1979) (layers 6e12). Consequently, the record of the Danian is very short or absent in the Landana section; perhaps corresponding only to layer 1. This very weak record of Danian deposition at Landana is one of the primary results of the present study and it refines the age of numerous macrofossil records discovered throughout the locality.
Expedition
A late Paleocene age (¼Thanetian) as proposed by Lys et al. (1979) for layers 13e17 is potentially supported for the layers 14e16 by our new data. However, it is worth keeping in mind that the foraminiferal assemblages recorded from layer 13 to layer 16 correspond to P4 Zone, a zone that spans w2.5 Ma from the middle Selandian to the middle Thanetian (Fig. 3) .
Our results suggest that layers 19e24 were deposited around the Paleocene/Eocene boundary. However, Lys et al. (1979) interpreted layers 18e24 as reflecting Ypresian deposition. Our data suggest that these layers were instead deposited around the Paleocene/Eocene boundary and thus are not considered to be Ypresian here (Figs. 3 and 6 ). We do, however, interpret layers 25e28 as Ypresian in age (Figs. 3 and 6) . Dartevelle and Casier (1959) considered layers 31 and 32 as Lutetian, whereas Freneix (1979) considered layers 29, 30, and 31 as Lutetian (Table 4) . A Lutetian age for layers 29e32 is based on vertebrate and invertebrate records (see above) as these layers contain no foraminifers and d 13 C record is not sufficient. Layer 32 is a chert bed which probably records a regional discontinuity and might correspond to a major Lutetian denudation event in the Congo Basin . Hence, the age determination for any Lutetian intervals recorded in Landana remains unresolved (Fig. 8) .
Characterization of the Landana faunas
The Landana deposits record a rich invertebrate and vertebrate fauna, and this richness (Tables 1 and 5) , combined with the long fossil record (Selandian to Lutetian), establishes several faunal successions (Fig. 9) .
Fauna in layers 1e5 (Paleocene fauna I on Fig. 9 ) exhibit broad species richness: 2 turtles, 15 elasmobranchs, 7 actinopterygians, 2 cephalopods and 4 bivalves are recorded in these levels. This level of taxonomic richness is only found in the peculiar layer 12c and in the Lutetian (Fig. 10) .
The case of G. subafricanum, G. parvulus, and Myliobatis n'zadinensis is interesting because these taxa are present in Selandian sediments at Landana, while they are considered to be restricted to Danian in the other fossiliferous localities. Perhaps these elasmobranch fossils were reworked in the Selandian deposits. Alternatively, these species may have survived until the Selandian in western central Africa. In any case, this discrepancy highlights the need for a closer examination of elasmobranchs from the Landana section.
A small decrease in faunal richness occurs between layers 5 and 6 (i.e., during the Selandian) ( Figs. 7 and 8 ; Table 5 ). This is characterized by numerous disappearances (especially among actinopterygians), and just one appearance (Egertonia in layer 6). Despite several new appearances (Table 5) , the fauna that ranges from layer 6 to layer 12 is generally less speciose than the first five layers (Fig. 10) . However, it is worth noting that taxa recorded from layer 6 to layer 12 are globally similar to those in lower layers of the section (i.e., layers 1e5).
Layer 12c is unusual, as noted by previous authors (Bequaert, 1920; Dartevelle and Casier, 1943) due to (1) the facies structure (i.e., abundance of coprolites): and (2) the abundance of vertebrates it contains. For instance, five elasmobranchs are known only from this layer (Table 5) , notably including the sole occurrence of the superfamily Dasyatoidea at Landana. Also recorded are the first occurrences of the Carcharhiniformes (ground sharks), Tetraodontiformes (puffer fishes), Xiphiidae, and Trichiuridae. The vertebrate record thus suggests an increase in faunal richness at Landana during deposition of layer 12c. Further understanding of this faunal transition requires deeper sedimentologic and paleoenvironmental analyses.
The disappearance of several elasmobranchs, and more generally of the Torpediniformes (sawfishes), Pycnodontiformes, and Scombridae occurs between layer 12c and layer 13 (Table 5) . Moreover, a new bivalve assemblage e Pycnodonte (Eupycnodonte) eovicenti assemblage e is recorded in layers 14 (late Selandianeearly Thanetian) to 28 (Ypresian) ( Fig. 7 ; Table 5 ).
A decrease in faunal richness is reflected in layers 13e18 (Paleocene fauna II on Fig. 9; Fig. 10 ). Only the turtle Taphrosphys (unknown after layer 17), five elasmobranchs, and one actinopterygian are recorded in layers 13e18. Surprisingly, only one of the new actinopterygians that are first observed in layer 12c e E. jonesi (Tetraodontiformes) e is recorded in these layers.
The numerous disappearances, together with a new bivalve fauna, reinforce the impression of a faunal shift at Landana between layer 12c and layer 13 (i.e., during the Selandian). This could represent bias due to the large depositional hiatus present between these two layers (Fig. 8) . Future analyses of this turnover should take into account faunal modification together with environmental information recorded in layer 12c.
Fauna recorded in layers 19e24 (P/E transition fauna on Fig. 9 ) are even less rich than in layers 13e18 (Fig. 10) , with only four elasmobranchs recorded. Invertebrate and vertebrate faunal composition is largely similar to that of underlying layers. Only layer 24 differs in recording (1) the last occurrence of C. appendiculata, a cretoxyrhinid (mackerel sharks) recorded since layer 2 in Landana, and (2) the appearance of S. striata e marking the beginning of an increase in faunal richness that culminates in the Lutetian (Fig. 10) . Table 4 Comparison of the age of the layers of the Landana section proposed by Dartevelle and Casier (1959) , Lys et al. (1979) , and this study. Faunal richness in layers 25e28 (Ypresian fauna on Fig. 9 ) is distinctly higher than in the underlying layers 13e24 (Fig. 10) . This is notably characterized by the reappearance of cephalopods (in layer 26) ( Fig. 6 ; Table 5 ). As the majority of taxa recorded in these layers appear to continue in distribution from underlying layers, the icthyofauna seems not to have been profoundly affected by the PETM event. This agrees with the previous study of Noubhani (2010) and Tomczik (2014) who noted little change through the PETM in ichthyofauna of the Pacific, tropical Atlantic, and phosphates of Morocco.
Several disappearances occurred between the Ypresian and Lutetian periods: four elasmobranchs and one actinopterygian known in Ypresian sediments are absent from the Lutetian sediments ( Fig. 7 ; Table 5 ). In contrast, numerous taxa are first recorded in layer 31 (Lamnidae, Carcharhinidae, Pristidae, Istiophoridae, Siluriformes, Sphyraenidae, new bivalve assemblage). As a result, fauna in layers 29e32 (Great Lutetian fauna on Fig. 9 ) are almost entirely different from those in underlying layers (Figs. 5 and 7) . Indeed, among the 27 elasmobranchs described from layers 29e32, only four are known from lower layers. A relatively high richness of the echinoids (six taxa) is also notable (Fig. 6 ). Significant differences observed between the Ypresian and Lutetian faunas may reflect an important faunal turnover.
To summarize, the layers 2e12c (Selandian) represent the richest Paleocene section at Landana, illustrated by the presence of elasmobranchs, actinopterygians, cephalopods, bivalves, the crocodyliform Congosaurus, and testudines Taphrosphys and Cabindachelys (Fig. 10 ). An important decrease in overall richness begins in layers 13 (Selandian). As a consequence, a small faunal shift is suggested, but this requires further documentation. Moreover, if the layers 13e18 appear to be Selandian in age, it would imply that this faunal shift occurred during the Selandian. This decrease is accentuated during the Thanetian-Ypresian transition (layers 19e24) (Fig. 10) . Richness increases during the latter portion of the Ypresian recorded in Landana (layers 25e28) (Fig. 10) . Finally, the Lutetian records a complete renewal of the fauna with a number of species equal to that recorded in the Selandian layers (Fig. 10) .
Landana as a reference section for Central Africa: comparison with the fauna from Bololo and Manzadi sections
Refining the age and faunal characterization of the Landana section is useful in interpreting the age of other fossiliferous sections in Central Africa. Here we compare the fauna of Landana with those of Bololo and Manzadi. Manzadi and Bololo localities are composed of different smaller sections (¼Point).
Concerning Manzadi, we here discuss only Points IV and VI of those explored in this area (Dartevelle and Casier, 1943) as they provide the richests faunas.
The vertebrate fauna is similar in the four layers recognized at Point IV; only the occurrence of Serratolamna serrata at the top of the section suggests faunal distinctiveness from deposits at the base. The elasmobranch (presence of three families unknown in the Landana section) and actionopterygian (presence of Aulopiformes, Elopiformes, and Congorhynchus) faunas from this Point are clearly distinctive from those recorded anywhere in the Landana section (Table 6 ). The same argument can be made for the molluscs (Dartevelle and Freneix, 1957) (Table 6) .
As numerous taxa are restricted and/or abundant in the Maastrichtian (Table 6) , we interpret Point IV as Mesozoic in age; a Maastrichtian age for this Point is further supported by the presence of mosasaurs (Lingham-Soliar, 1994) . However, four taxa that are generally found in Cenozoic sections of Landana are also present in Point IV: the myliobatid Myliobatis n'zadinensis, the odontaspidid O. speyeri, the anguilliforms Pseudogertonia, and the pycnodontiform P. praecursor. These taxa were perhaps present in the Maastrichtian of Central Africa, although a definitive conclusion requires a systematic revision of these taxa.
The Point VI locality at Manzadi lacks the Maastrichtian elasmobranch and actinopterygian taxa that support a Maastrichtian age for Point IV (e.g., Anacoracidae, Sclerorhynchidae, Alepisauriformes). The majority of elasmobranchs from Point VI, as well as the sole actinopterygian found at this Point, Pseudogertonia bebianoi, are generally found in Landana sections (Table 7) . Point VI is hence interpreted as Cenozoic in age. Dartevelle and Casier (1959) proposed a Paleocene age for this locality. A Selandian age is, in our point of view the most plausible hypothesis based on the combination of elasmobranch taxa recovered. However, we refrain from placing a precise age on this locality as the fauna includes some taxa known elsewhere from the Selandian (e.g., Myliobatis n'zadinensis) through the Lutetian (e.g., Rhinoptera raeburni) (Table 7) . A reworking of Paleocene fossils is possible, but it cannot be tested with available evidence. To conclude, the differences observed between Points IV and VI at Manzadi implies that Manzadi localities preserves fossils found elsewhere from least two distinct time periods.
The Bololo area also includes different localities with Point I revealing the most vertebrate taxa Casier, 1943, 1959) . Among the 26 elasmobranchs recovered in Bololo, only 10 are known from the Landana section. Most of the 10 taxa e except Otodus obliquus and M. dixoni that have a wide stratigraphic distribution e are known only in the Lutetian segment of the Landana section (layers 29e31) (Table 8) . Interestingly, elasmobranchs from Bololo include the first appearance of the Alopiidae and Hemigaleidae, and a broad sample of the Carcharhinidae These taxa are not recorded from Landana and are typically characteristic of Miocene faunas. Most of the actinopterygians from Bololo are found in the Lutetian part of the Landana section (e.g., Xiphiidae); only the trichiurid L. castellobrancoi is unknown from the Landana section.
The bivalves known from Bololo are found in deposits interpreted as Lutetian at Landana (Table 8) .
In their study of the fossil fishes from Congo and Angola, Dartevelle and Casier (1959) noted that Bololo fauna correspond to a mix of Eocene and Miocene fossils known from elsewhere, suggesting that the Eocene taxa had been reworked into later deposits. Our analyses of the Landana section support that notion, and we agree that 10 of the taxa could be interpreted to reflect a Lutetian age fauna that has been reworked. Alternatively, Bololo might represent transitional fauna capturing the latest occurrences of Paleogene taxa and the earliest occurrences of fauna more common in the early Neogene.
Point II and Point III also suggest a mix of elasmobranchs typically seen in the Lutetian and Miocene (based on the presence of the Miocene species Galeocerdo aduncus and Hemipristis serra).
Point IV from Bololo, however, is unique in that it preserves elasmobranchs known only from Paleogene deposits in Landana (Table 9) . Consequently, our observation agrees with that of Dartevelle and Casier (1959) that Point IV is clearly not Miocene. Among the six taxa that have been specifically determined, four are recorded only in the Lutetian part of the Landana section (Table 9) , while the two other species are known from the Selandian to the Lutetian in Landana. These data indicate a possible Lutetian age, at least, for layers 3 and 4 of Point IV. The age of layer 2 is less certain as it only includes the long-living taxon Otodus obliquus. (Dartevelle and Freneix, 1957) 
Maastrichtian
As mentioned earlier, only three identifiable dinoflagellate cyst specimens (Glaphyrocysta sp. A and Muratodinium? sp. A) were recovered from all samples collected at Bololo. In-situ specimens of these particular taxa were recorded from layer 28 at Landana (Ypresian; unpublished data). Some fragmentary, potentially reworked, specimens were also recorded in layer 29 (Lutetian). The Point IV Bololo dinoflagellate cyst specimens, which are also relatively fragmentary, are therefore likely either in-situ Ypresian specimens, or similarly to as at Landana, reworked specimens in younger, likely Lutetian as suggested by the elasmobranch fossils, deposits.
To summarize, Bololo provides fossiliferous localities that contain taxa consistent with both Lutetian and Miocene age faunas. This may reflect a similar situation as that at Manzadi where two different periods (Maastrichtian and Selandian) have been recorded in closely situated sections. Alternatively, the pattern could reflect a transitional fauna deposited sometime between the Lutetian and Miocene.
Comparison with the phosphate basins of Morocco
The phosphates of Morocco range from the end of the Cretaceous (Maastrichtian) to the base of the middle Eocene (Lutetian); this is the longest interval of all phosphate deposits from the Mediterranean and Atlantic "Phosphogenic Provinces". These marine sediments record the evolution of northwestern African faunas and are characterized by their remarkable richness in fossil vertebrate remains, documenting a palaeobiodiversity "hot-spot" at the CretaceousePaleogene turnover (Bardet et al., 2017) .
These phosphates are also interesting in light of intensive revisions to the vertebrate record (notably from the Oulad Abdoun, Ganntour, Meskala and Souss basins) over the last 20 years, making the area a reference for the evolution of the marine and terrestrial (notably mammals) vertebrates in North Africa. A recent comprehensive review of Moroccan phosphates by Bardet et al. (2017) permits comparisons with the deposits of Landana described herein.
The elasmobranch assemblages recovered from the phosphates of Morocco do not permit recognition of the Selandian. As a consequence, the elasmobranch fauna from the Selandian portion of the Landana section has no equivalent in Morocco. However, the Danian and Thanetian phosphorite levels in Morocco may include a portion of the Selandian, as carbon isotope chemostratigraphic analyses recently performed in the Ouled Abdoun phosphate Basin demonstrate that Bed IIa, including several mammalian fossils, could be Selandianeearly Thanetian in age (Yans et al., 2014) . Therefore, future biostratigraphic characterization of the Selandian based on selachian assemblages in the phosphate series could provide fruitful comparisons with the Landana section.
The elasmobranch faunas of Landana are clearly less rich than those of the Moroccan region; for instance, almost 250 elasmobranch species are described from the Moroccan hot-spot (Bardet et al., 2017) , versus 45 species from the Landana section (Table 10) . It is worth mentioning that the elasmobranch fauna recorded from the phosphates of Morocco has been revised since the initial works of Arambourg (1935 ) (e.g., Cappetta, 1981 , 1984 , 1985 , 1988 , 1989 , 1992 Noubhani, 1993; Noubhani and Cappetta, 1994 , 1997 , and that a more thorough revision of Landanan elasmobranchs remains to be conducted.
The elasmobranch faunas from the Paleogene of Morocco are characterized by a constant increase in richness (Bardet et al., 2017; Fig. 10 ). Faunas at Landana do not reflect this trend (Fig. 10) , although some similarities between the faunas are recognizable. Notably, the Lamniformes and Myliobatiformes are clearly the most abundant groups in both Morocco (Bardet et al., 2017) and Landana (Table 11) , whereas the Torpediniformes are poorly represented in both locales. Moroccan and Landana faunas share 22 elasmobranch taxa (based on Noubhani and Cappetta, 1997, Table 4 ). Paleocene and Eocene broad comparisons (favored over more fine-scale comparisons due to a paucity of Selandian in Morocco and a lack of Danian at Landana), reveal that the stratigraphic distribution of elasmobranchs is fairly congruent between the two locales, with a few notable exceptions (Tables 12 and 13 ; see section 5.5. Paleobiogeographic implications).
Contrary to the pattern observed for elasmobranchs, actinopterygian faunas from Landana are equivalent in richness to those from Morocco, although the Moroccan fossils published by Arambourg (1952) require closer examination (Bardet et al., 2017) . The two areas share the presence of Osteoglossidae and, above all, show similar richness in Perciformes (particularly in the presence of Scombridae, Sphyraenidae, Xiphiidae, and Trichiuridae).
Moreover, one can note that some elasmobranch and actinopterygian groups recorded in Morocco are unknown from Landana (e.g., Albuliformes). In contrast, one can note the absence of Anguilliformes in Morocco (Table 12) .
The dyrosaurids from Morocco are the most abundant crocodyliforms through the Paleocene (Arambourg, 1952; Buffetaut, 1979; Jouve, 2004; Jouve et al., 2005a, b) . They reached peak in richness in the Thanetian, during which time five species are currently recognized (Bardet et al., 2017) . This clearly contrasts with the poor stratigraphic extension of Congosaurus at Landana, which is restricted to the Selandian (layer 8).
In general, testudines from Landana do not display a richness equivalent to that observed in the phosphates of Morocco where three families are recorded during the Cenozoic: Bothremydidae, Cheloniidae, and Sandownidae (Tong and Hirayama, 2002; Gaffney et al., 2006; Tong and Hirayama, 2008; Tong and Meylan, 2013; Bardet et al., 2017) . The Bothremydidae are the most abundant turtles in the Paleogene of the phosphates of Morocco (nine taxa ranged from the Danian to Ypresian: Gaffney et al., 2006; Bardet et al., 2017) . Only one bothremydid is known in the Landana section (Taphrosphys) e and only during the Paleocene. Myers et al. (2017) described a cheloniid skull from Landana. Cheloniids are represented by four species in the Paleogene phosphates of Morocco (Hay, 1908; Hirayama, 2002, 2008; Jalil et al., 2009) . The presence of a cheloniid in Landana is thus not surprising, and phylogenetic analyses performed by Myers et al. (2017) suggest that the Angolan taxon is related to Euclastes acutirostris from the Danian-Thanetian phosphate strata in Morocco (Jalil et al., 2009) .
Palaeophiidae is one of the ophidian families that adapted to various freshwater and marine environments (Rage et al., 2008) . Palaeophis was a near-shore and estuarine dweller that lived in shallow marine, brackish, and likely freshwater environments. The genus is represented perhaps as early as the Maastrichtian in the phosphates of Morocco (Rage and Wouters, 1979) , or even the Campanian in Mali (Rage and Werner, 1999) . Palaeophis became more abundant and broadly distributed during the Eocene, as exemplified in the fossil record of the phosphates of Morocco (Bardet et al., 2017) . As a result, the appearance of this genus in Landana fits with the faunal turnover that characterizes the Lutetian part of the section, congruent with general trends observed for this peculiar snake genus.
In summary, the vertebrate fauna from Morocco and Central Africa share similar compositions (e.g., presence of the same reptile groups) and trends through time, with very few differences in faunal composition and stratigraphic distribution. The Landana fauna appears less diverse than the Moroccan fauna, particularly during the Thanetian and Ypresian. These differences may reflect local environmental conditions (e.g., persistence of Pycnodontiformes and Tetraodontiformes). Alternatively, taphonomic/ collecting bias in recording small pristid and batoid specimens may also explain differences among these collections.
Paleobiogeographic implications
Paleobiogeographic affinities of vertebrates and invertebrates from Landana have been discussed by previous authors (Dartevelle and Casier, 1959; Freneix, 1979) . Primary results indicate that elasmobranchs and actinopterygians from the Paleogene marine margin of the Congo Basin show clear affinities with the Paleogene faunas of Morocco (Dartevelle and Casier, 1959; see above) . New data from Landana permit a closer comparison with contemporaneous records from Morocco, North America, and Europe (Table 13 ). Based on these data, we hypothesize two dispersal events. Dartevelle and Casier (1959) noted that the affinities between the Central African and European sections become more pronounced during the Eocene (layers 27e32 in their article) than observed in the Paleocene (layers 0e26 in their article). They attribute this pattern to an expansion of tropical ecosystems northward following the Thanetian. Our analysis based on elasmobranchs suggest two possible faunal exchanges between the two African basins: during the Paleocene, Central Africa appears to have been a source for the Moroccan elasmobranch fauna (i.e., northward dispersal), whereas the opposite is suggested during the Eocene (i.e., southward dispersal) (Table 13 ). Our conclusions suggest a more complex history than initially recognized by Dartevelle and Casier (1959) , logically based on a more complete fossil record.
Systematics of the elasmobranchs recorded from Morocco have received relatively more attention than have elasmobranch fauna from Central Africa, which has not been substantially revised since the work of Dartevelle and Casier in the 1950's. As a systematic revision is beyond the scope of this paper, our paleobiogeographic hypotheses should be refined through careful reexamination of elasmobranch collections housed at the RMCA, particularly in light of recent reexamination of Antarctic Eocene records (Kriwet, 2005; Engelbrecht et al., 2016) .
It is also worth mentioning that an integrated review of marine and freshwater fossil actinopterygians of the African continent is also warranted (Murray, 2000) . Current data suggest that the actinopterygian fauna from Central Africa is congruent with that recorded in the Phosphates of Morocco, with differences at the specific level. More specifically, fishes from the Maastrichtian of Manzadi (Table 14) support exchange between Central Africa and North Africa during Mesozoic. Other actinopterygians support the existence of exchange between Central Africa and the Tethys region (Table 14 ). Yet the absence of Anguilliformes in Morocco is intriguing and implies that these actinopterygians did not disperse along the North African coast, but perhaps rather via an epicontinental sea.
The Bothremydidae likely originated and radiated in Gondwana. The Taphrosphyini (tribe that includes Taphrosphys) are present in North America, and abundant in the Paleogene of Morocco, and are also found in the Maastrichtian of Mali, Niger, Egypt, and America (Gaffney et al., 2006; Pérez-García, 2016) , as well as in the Cenozoic of Europe (Pérez-García, 2016) . The species found in Landana supports connection with the Tethys region and northern Africa. The cheloniid seem to exhibit Laurasian affinities based on abundance in Europe and North America (Hirayama, 1997) . The testudines fauna from the Selandian of Landana is congruent with those recorded in the Tethyian area at that time. Interestingly, Dyrosauridae and Palaeophiidae have recently been described from the Ypresian of India . Palaeophiidae are broadly distributed in the Tethyian region: as mentioned earlier, they are documented since the Maastrichtian in Morocco (Rage and Wouters, 1979) . Moreover, they are recorded in Europe since the P/E boundary (Kristensen et al., 2012) . Contrary to palaeophiids, dyrosaurids have not been reported from Europe with the possible exception of one record from the Cenomanian of Portugal (Buffetaut and Lauverjat, 1978) . Concerning the Indian dyrosaurid, notably represented by a coracoid, Smith et al. (2016) note that this bone resembles C. bequaerti from the Paleocene of Landana, Angola, more than that of Dyrosaurus maghribensis from the phosphates of Morocco. As envisaged by Smith et al. (2016) , the Indian Dyrosauridae might correspond to remnants of ghost lineages that reached the Indian subcontinent during the late Cretaceous. Alternatively they might have dispersed from North Africa and passed along the southern margin of the Tethys to reach the Indian subcontinent.
Echinoids from Landana, as noted by Dartevelle (1952 Dartevelle ( , 1953 , are similar to those in what are now Senegal (Echynopsis friryi, S. douvillei), Egypt (Cheopsia mortensini) and Algeria (S. douvillei). Bivalves from layers 2 to 12 (Selandian) have affinities with South American and African taxa (Freneix, 1979) . Layers 13/14 to 28 exhibit taxonomic similarity to faunas derived from the Indo-Mediterranean region (Freneix, 1979) . Lutetian taxa are actually closer to those from Egypt, than from northwestern Africa.
To summarize, the Landana fauna displays African and Tethysian affinities. The shallow-marine fauna at the mouth of the Congo River was clearly connected to the Tethyan Sea via northwestern Africa. This conclusion is reinforced by the present study, incorporating recent work on vertebrates from the phosphates of Morocco (Bardet et al., 2017) . The fauna is largely congruent with that of northern Africa, suggesting periodic faunal exchange. However, dispersals along the Tethyan Sea e at least its southern margin (e.g., Egypt, India) e via an epicontinental waterway cannot be ruled out and can be investigated in the future. This might help explain any differences seen with northern Africa.
Additional remarks on the potential connections between Central Africa and Tethyan area
Mesozoic break-up of Gondwana between western Africa and eastern South America affected the tectonic differentiation of the African craton (Brownfield, 2016) . Subsidence of the Chad and Iullemmeden basins during the late Mesozoic and early Cenozoic favored a marine transgression, covering northern Africa by a shallow sea: most of Morocco, Tunisia, Algeria, Libya and Egypt were underwater, and the Tethys Sea reached into Mali and Niger through central-northern Africa, and reached the Atlantic through the Gulf of Guinea (Reyment, 1980; Petters, 1981; Mateer et al., 1992; Smith et al., 1994; Guiraud et al., 2005; Kelechi, 2017) . This marine connection, present in the Late Cretaceous between the Tethys and the Atlantic, was still in evidence through the Paleocene; palaeoreconstructions show the connection between the Tethys and the Atlantic Ocean to have closed by the middle Eocene (Reyment, 1980; Guiraud et al., 2005) . This connection allowed trans-Saharan dispersals, and marine fishes were widespread in deposits across the region (Murray, 2000) . An epicontinental connection is supported by the bivalves, anguilliformes, and possibly the dyrosaurids recorded in Landana. In contrast, elasmobranch faunal patterns appear to instead be rooted in dispersals from Morocco.
Additional work is needed to elucidate: (1) potential connections between the coastal areas and the Congo Basin; (2) the presence of synchronous Paleogene deposition within this basin and (3) a potential connection between the Paleogene Congo Basin and a northern outlet, towards the present-day Central African Republic. Current research suggests that the Congo River basin underwent a starvation period with condensed sedimentation in the Late Cretaceous and Paleogene (Anka et al., 2010) , a view based on offshore geophysics in the Congo fan that needs further documentation both in onshore basinal and basin margin areas (Linol et al., 2015; De Putter et al., 2015 , 2016 . Our present state of knowledge does not document a direct connection between Landana and the Tethyan area via the onshore Congo Basin and a Paleogene Trans-Saharan Corridor. The hypothesis of a peri-continental connection, possibly via the Gulf of Guinea, is perhaps more likely.
Conclusions
Here we provide refined age constraint for the Landana (Angola) fossil-bearing deposits, using new data (carbon isotopes, foraminiferal assemblages, and palynomorphs) together with interpretations of previously collected fossils. We suggest that this section recorded only a very short part of the (upper?) Danian, parts of the Selandian and Thanetian, the very beginning of the Ypresian, and a portion of the Lutetian. Invertebrate and vertebrate faunas recorded in Landana exhibit African and Tethysian affinities. Therefore, Central Africa likely retained at least periodic connections with the Tethys region, representing part of a gigantic marine realm.
Our study of the Landana section also demonstrates that invertebrate and vertebrate faunas exhibit faunal shifts congruent with global perturbations thought to have affected the entire Atlantic coast, and Landana is hence part of a general African pattern. For instance, we found the profound modification in elasmobranch and actinopterygian faunas observed globally and locally during the Maastrichtian/Danian transition (i.e., K-Pg mass extinction). Yet differences noted between Landana and other African sites suggest that Landana represents a slightly different ecosystem, perhaps not surprising due to latitudinal differences. For instance, it is possible that Landana provided a longer refuge for several typically-Cretaceous faunal elements.
Integrating datasets and refining age estimates for the Landana section is pivotal for exploring faunal evolution in a global framework, especially for rich Gondwanan ichthyofaunas including the Scombridae (tunas and mackerels) and Tetraodontiformes (puffer fishes). The bony fish Landanichtys is a prime illustration: this Landanan genus is indeed considered the oldest fossil scombrid ever discovered (Dartevelle and Casier, 1959; Bannikov, 1981; Beckett and Friedman, 2016) . Hence further age constraint could have profound impact on our understanding of the evolution of the mackerels.
Refined ages will allow better understanding of the evolution of fossil faunas throughout Western Central Africa, making Landana a critical reference section for the region. Moreover, the integration of Landana, Manzadi, and Bololo provides critical information concerning the evolution of the Central African marine fauna (e.g., during the K-Pg mass extinction). Finally, the Landana section records a dramatic decline in species richness during the Selandian (layers 13e18), Thanetian and Ypresian, emphasizing the importance of expanding collection efforts across numerous latitudes with well-documented reference sections. Future work exploring global patterns in species distributions will benefit from renewed interest in the age and depositional setting at Landana.
